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Abstract
Recently, the XENON1T experiment has reported an excess in the electronic re-
coil events. The excess is consistent with the interpretation of absorption of 3 keV
bosonic dark matter, for example, hidden photon dark matter with kinetic mixing of
the order of 10−15. We point out that the minimally gravitational production pro-
vides a viable mechanism for obtaining a correct relic hidden photon abundance. We
present parameter dependence of the hidden photon dark matter abundance on the
inflationary scale Hinf and also the reheating temperature TR. We show that the
inflationary Hubble scale and reheating temperature are both bounded from below,
Hinf & 7 × 1011 GeV, TR & 102 GeV. In particular, the high-scale inflation is consis-
tent with 3 keV hidden photon dark matter.
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Figure 1: The signal shape for hidden photon with mV ' 3 keV. The blue dots are the
events observed by XENON1T [1], the black solid curve is the background, and the red
dashed curve displays the event shape by including the absorption of hidden photon.
Recently, the XENON1T collaboration has reported excess events in the electronic recoil
with the recoil energy around 2–7 keV [1]. The excess may be interpreted as a contribu-
tion from the solar axion [1], but this interpretation is inconsistent with the stellar cooling
constraint, in particular the observation of white dwarfs and red giants [2]. On the other
hand, various connections of the XENON1T excess with particle physics models, constraints
and implications have been investigated in [3–18]. Absorption of bosonic dark matter (DM)
may also give similar signals [19, 20]. Fig. 1 shows the signal event shape along with the
XENON1T data points, which apparently shows that the XENON1T excess events can be
well fitted by the hidden photon DM. The indicated hidden photon mass mV ' 2.8 keV and
the kinetic mixing parameter  ∼ 10−15 is also shown to be consistent with the anomalous
cooling of horizontal branch stars [5].
The viable production of keV DM is not trivial since the constraints from astrophysical
observations are severe for keV DM produced from thermal plasma. For example, the recent
Lyman-α gives the low bound & 5.3 keV [21] if it is thermally produced. Hence, a keV DM
candidate would require other viable production mechanism. In this short note, we focus on
the hidden photon DM interpretation and show that the gravitational production mechanism
is consistent with such a ∼ 3 keV hidden photon DM with explicit parameter dependence on
the inflationary energy scale and the reheating temperature.
The most relevant action of the hidden photon Vµ and the Standard Model (SM) elec-
1
tromagnetic photon Aµ for our discussions is given by
S =
∫
d4x
√−g
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m2V VµV
µ − 
2
VµνF
µν
)
, (1)
where Vµν ≡ ∂µVν − ∂νVµ and Fµν ≡ ∂µAν − ∂νAµ are the field strength tensor of the hidden
photon and SM photon, respectively.#1 The mass term is understood as a result of the
Stuckelberg mechanism or the Higgs mechanism with the Higgs excitation being assumed to
be heavy enough so that its dynamics is safely ignored. The massive hidden photon with
kinetic mixing has rich phenomenological implications [22,23].
For such a hidden photon to be DM, some production mechanisms are required. There
are several proposed mechanisms so far: tachyonic instability due to the axionic scalar
coupling to the hidden photon [24–26], production from the dark Higgs dynamics [27], from
the cosmic strings associated with the spontaneous breaking of hidden U(1) symmetry [28],
vector coherent oscillation [29–33] and the gravitational production [34–36]. Among them we
focus on the gravitational production mechanism since it is ubiquitous: such a contribution
is unavoidable as far as we consider the inflationary universe and actually it is enough to
reproduce the DM abundance for mV ∼ O(1) keV, as shown below.
The gravitational production of hidden photon DM was first discussed in Ref. [34] in
the case of mV  Hinf with the assumption of instant reheating, where Hinf denotes the
Hubble scale during inflation. In Ref. [35] it was extended to the case of delayed reheating
HR  Hinf and also the case of heavy hidden photon: mV & Hinf , where HR is the Hubble
scale at the completion of reheating. As far as the kinetic mixing parameter is much smaller
than unity, the calculation of the gravitational production rate remains intact.
The hidden photon abundance from the gravitational production, in terms of the energy
density-to-entropy density ratio, is given by [35]
ρHP
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where MPl is the reduced Planck scale and we have defined the reheating temperature TR
through TR = (90/pi
2g∗)1/4
√
HRMPl. As usual, the universe is assumed to be matter-
dominated during the reheating since the inflaton harmonic oscillation behaves as non-
relativistic matter. Practically the case of Hinf < mV is irrelevant since it predicts too
small hidden photon abundance to be DM for mV ∼ O(1) keV. Below we briefly summa-
rize how to obtain (2) for mV < Hinf . The massive hidden photon is decomposed into the
#1 If we start from the hypercharge photon, instead of the electromagnetic photon, and introduces the
kinetic mixing of Y , we end up with (1) after the electroweak symmetry breaking with  = Y cos θW where
θW is the Weinberg angle.
2
transverse and longitudinal mode:
Vµ(~x, τ) =
∫
d3k
(2pi)3
Vµ(~k, τ)e
i~k·~x; ~V (~k, τ) = ~VT(~k, τ) + kˆVL(~k, τ), (3)
where the transverse mode satisfies ~k · ~VT = 0. The transverse mode production is negligible
compared with the longitudinal one. The longitudinal action is
SL =
∫
d3kdτ
(2pi)3
1
2
(
a2m2V
k2 + a2m2V
|V ′L|2 − a2m2V |VL|2
)
(4)
=
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|V˜L|2
}
, (5)
where a denotes the cosmic scale factor and we have defined V˜L ≡
√
a2m2V /(k
2 + a2m2V )VL
and the prime denotes the derivative with respect to the conformal time τ . It reduces to
the same action as a minimal scalar for k > amV and hence the quantum fluctuation in
inflationary epoch results in
〈
|V˜L|2
〉
' a2endH2inf/(2k3)(2pi)3δ(k − k′) for the superhorizon
modes aendHinf < k < aendmV at the end of inflation, where aend denotes the scale factor at
the end of inflation. Now we want to estimate the abundance when the Hubble parameter
H becomes equal to the hidden photon mass: H = mV . It is found that the high frequency
mode k > k∗ ≡ a∗mV is redshifted away rather rapidly, where a∗ denotes the scale factor at
H = mV , while the low frequency mode k < k∗ has an initially suppressed energy density
already at a = aend. The dominant contribution to the final energy density comes from the
mode k ∼ k∗. Thus the energy density at H = mV is evaluated as
ρHP(a∗) ' 1
2
(
k∗
a∗
)2(
Hinf
2pi
)2
=
m2VH
2
inf
8pi2
. (6)
When H < mV , the energy density scale as ∝ a−3 as an ordinary non-relativistic matter. It
leads to the second and third line of (2).#2 Numerically, we have the present hidden photon
relic density for mV < HR as
ρHP ∼ ρDM ×
√
mV
3 keV
×
(
Hinf
7× 1011 GeV
)2
, (7)
where ρDM is the average energy density of DM at present. When the reheating temperature
after inflation is low, i.e. HR < mV < Hinf, we have
ρHP ∼ ρDM × TR
106 GeV
×
(
Hinf
7× 1011 GeV
)2
, (8)
which is independent of the mass mV .
#2 This expression of the hidden photon energy density is similar to the scalar coherent oscillation energy
density as if the initial amplitude of the scalar field is Hinf/(2pi).
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Figure 2: The illustration of the energy density of dark photon ρHP for mV = 3 keV. The
solid line shows how the correct relic abundance would require the proper values of inflation
scale Hinf and reheating temperature TR. The dotted and dashed lines correspond to ten
times larger and smaller, respectively. The turning points indicate HR ' mV .
In Fig. 2, we illustrate how the relic density of hidden photon depends on the reheating
temperature TR and inflation scale Hinf, when fixing the mass of hidden photon as mV =
3 keV. The solid line gives the right relic abundance of DM, while the dotted and dashed
lines correspond to ten times larger and one tenth smaller, respectively. In the large TR, the
production is independent of TR, which shows that even the instant reheating is valid. When
TR is small enough such that HR is smaller than the hidden photon’s mass, we would need
large inflation scale Hinf to compensate the production loss because the relic density now
depends on TR linearly. The turning points of these curves occur around HR ' mV . Since
the inflation scale Hinf is bounded from above, Hinf . 1014 GeV, which is based on the non-
observation of primordial gravitational waves by the Planck satellite [37], the correct relic
abundance of hidden photon would give the lower bound on the Hubble scale and reheating
temperature,
Hinf & 7× 1011 GeV, TR & 102 GeV. (9)
The reheating temperature is also bounded from above, TR . 1015 GeV, corresponding to
the instant reheating limit.
Interestingly, the delayed reheating scenario (HR  Hinf) opens up a possibility for high-
scale inflation to be consistent with hidden photon DM. For maximally possible inflation
scale Hinf ∼ 1014 GeV, the reheating temperature is predicted to be around the weak scale:
TR ∼ 102 GeV. In this case, it is possible to probe the primordial gravitational waves through
the observation of the B-mode polarization in the cosmic microwave background anisotropy.
On the other hand, it is below the sensitivity of future space-based direct gravitational wave
4
detectors due to too low TR [38–40].
One of the good aspects of the hidden photon DM with gravitational production is that
it is not constrained from the limit on the DM isocurvature fluctuation. In contrast to light
scalar DM, the isocurvature fluctuation spectrum is strongly blue for the hidden photon
DM [34] due to the peculiar behavior of the longitudinal component for k < amV and
hence practically there is no effect on the cosmic microwave background anisotropy on the
cosmological scale. Thus even the high-scale inflation does not suffer from the isocurvature
constraint. Another aspect is that it is an unavoidable contribution since the gravity is
universal. In this sense it gives lower bound on the hidden photon abundance. It is possible
that hidden photon has interactions with other sector and the production is more efficient,
which, however, is highly model-dependent.
In summary, hidden photon DM with mV ∼ 3 keV and  ∼ 10−15 is a good candidate to
explain the XENON1T excess events. The gravitational production works well for such a
mass region for reasonable inflationary scale and the wide range of the reheating temperature.
In particular, taking account of the effect of delayed reheating, the high-scale inflation can
be consistent with the hidden photon DM scenario.
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